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Abstract
Theory of electron emission by metallic photocathodes under the exposure of long wavelength
lasers will be studied. Energy of photons in long wavelength lasers is less than the work function
of the photocathode’s material, and can only emit electrons via tunneling through the potential
barrier. The optical resonance effect (e.g. plasmonic resonances) will be studied as an improvement
to the performance of photocathodes. This paper is intended to provide self-sufficient materials to
design optical resonant surfaces (e.g. metasurfaces) for electron emission applications.
∗ forati@ieee.org
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I. INTRODUCTION
Electromagnetic interaction, one of the four known fundamental forces in the universe,
was proposed by Michael Faraday in 1820’s [1], theorized by James Clerk Maxwell in 1865
[2], and experimentally proved by Heinrich Hertz in 1888 [3]. Since then, developed sources
of electromagnetic waves are based on moving (ideally resonating) electrons either in free
space or inside a material (e.g. semiconductors). In fact, less than four decades after the
discovery of electromagnetism, in 1924, Louis de Broglie suggested that moving particles
such as electrons behave as waves with frequencies related to their momentums [4]. Mod-
ern and traditional high power electromagnetic sources such as magnetrons and Klystrons
(developed during WWII by the Allied and the Axis Powers, respectively) are based on ex-
tracting electrons into vacuum (electron emission), bunching them, modulating their speed,
and extracting their energy to an output electromagnetic wave. In other words, although
transistors were invented more than half a century ago, modern solid state microwave sources
are still inferior to their electron beam-based rivals at least in terms of the power level. A
solid state source is roughly limited to less than a MW peak power while an electron beam-
based source can provide GW ranges [5]. This seems obvious since semiconductors (and
generally any material) impose their limitations such as speed, bandgap, loss, etc. to the
designed device. As a matter of fact, residing electrons in vacuum, prior to their manipu-
lation, is the extreme of relaxing most limitations of solid state devices. This signifies the
importance and profundity of electron emission and its great potentials.
Traditionally, thermal emission used to be the dominant method of electron emission
in engineering devices, which was followed by electric field emission, photoemission, and
even emission by another electron beam (a.k.a. secondary emission). For the sake of self
consistency, we review these physics and their common formulations in the next section,
prior to discussing photoemission at long wavelength. The main contribution in this paper
is to formulate photoemission by photons with energies lower than the photocathode’s work
function (e.g. infrared (IR) laser illuminating gold photocathodes). Our motivation for this
study is the potential that we see in engineered resonant surfaces (a.k.a. metasurfaces) for
IR photocathode applications. Such photocathodes can be useful at least for two purposes:
a) IR photocathodes can be used to generate a cloud of free electrons for microelectronic
applications in order to circumvent semiconductors limitations. For a semiconductor-free
2
microelectronic device, IR is much preferred over the usual ultraviolet (UV) light for a
photocathode, due to safety concerns. Moreover, metallic metasurfaces at IR can leverage
plasmoinc resonance effects to enhance the photon-electron interaction significantly, which
can reduce the light intensity requirement down into the safe range. We reported an example
of such devices in [6], where the continuous wave (CW) IR radiation of a mW diode laser
generated observable electron emission using a properly designed plasmonic metasurface.
b) metasurfaces are, in general, designed to manipulate/control the phase front of the
reflected wave from their surface [7]. If the metasurface itself is also the electron emitter,
the correlation between the incoming photons and emitted electrons may be maintained to
some extent. This may provide an opportunity to control the phase front of the emitted
electron beam (considering De Broglie wave picture for electrons). Obviously, this possible
application is not limited to the IR range, but the ability to leverage plasmonic resonances
on noble metals makes the IR range more attractive.
Nonetheless, there are stablished theories for UV photoemission as we will review later
in this paper. Photocathodes have advanced applications such as in Linear accelerators (to
convert photon bunches into electron bunches), x-ray sources, high energy colliders, and free
electron lasers (FELs) where short electron bunches are necessary. An FEL generates co-
herent light due to the interaction of a train of electron bunches and light waves. Important
quantifying parameters of photocathodes are quantum efficiency (QE), survivability, emis-
sion promptness, lifetime, and emittance, among which QE is extremely important since it
is accessible experimentally. QE is defined as [8]
QE =
~ω
q
(
Je
Iλ
)
= 1.2398
Je (A/cm
2)
Iλ (W/cm2)λ (nm)
, (1)
in which q is the elementary charge, ω is the radial frequency, ~ is the reduced Plank’s
constant, Je and Iλ are electric current and optical intensity, respectively (units are given
in the parenthesis). An example of a photocathode requirements for FEL application is
0.1− 1A current arranged in 0.1− 1 nC bunches in 10− 50 ps pulses with GHz repetition
rates in applied fields of 10 − 50MV/m [9]. The speed requirement rules out thermionic
emitters for FELs since they cannot switch current in picosecond time scales. In general, an
electron beam with a lower spatial divergence (emittance) and a higher current (brightness)
can provide shorter wavelength and more powerful FELs.
Both metals and semiconductors are popular for photocathodes. Metallic photocathodes
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have more ruggedness, lower QE, and faster response (which makes them suitable for pulse
shaping). Metallic photocathodes usually require UV light for emission, which normally is
considered as a restriction because UV is usually generated by nonlinear conversion of 1064
nm Nd:YAG with low conversion efficiencies. On the other hand, semiconductor photocath-
odes have higher QE, but are chemically reactive and can be easily damaged by carbon
dioxide or water. They also have slower response time (larger than 40 ps) compared to
their metallic counterparts. Examples of semiconductor photocathodes are direct bandgap
p-type semiconductors including III-V with cesium and oxidant, alkali antimonides, and al-
kali tellurides [9]. A usual solution for combining benefits of rugged materials with high QE
materials is to design dispenser photocathodes, in which a low work function material such
as Barium diffuses out from a porous material with higher ruggedness (e.g. tungsten). High
vacuums (on the order of 1e-9 Torr) are usually needed for metallic photocathodes, and the
requirement becomes more strict for semiconductor photocathodes.
Although approaches are similar, the physics of photoemission from semiconductor and
metallic photocathodes are different in their electron distribution (e.g. bandgap) and trans-
port (e.g. scattering mechanisms). In this paper, we only consider metallic photocathodes
although sum of the discussions apply to semiconductor photocathodes as well. As a result,
Fermi-Dirac model for electrons distribution is used throughout this paper. The arguments
in this paper are valid for both CW or pulsed laser excitations.
II. THERMAL AND ELECTRIC FIELD EMISSION THEORIES
Four major identified methods of electron emission are thermal emission, electric field
emission, photoemission, and emission by other high energy electrons (which is called sec-
ondary emission and is beyond the subject of this paper). A photocathode (despite its
name implication) usually involves all three mechanisms. That is, usually a bias voltage
is applied to the photocathode, and usually the applied laser pulse causes thermal heating
of the photocathode. The canonical equations governing thermal emission, field emission,
and photoemission are Richardson-Laue-Dushman, Fowler-Nordheim, and Fowler-Dubridge,
respectively. In order to start reviewing the three methods, consider the potential diagram
of a metal-vacuum interface as shown in Fig. 1.
The chemical potential of electrons in the metal and the work function are identified by
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FIG. 1. The potential barrier with Shottkey lowering effect. The supply function of gold with
µ =5.53 eV at T=273 K is also shown.
µ and Φ, respectively. If a static electric field (Estatic) is applied on the metal surface, the
work function will be reduced to [10, 11]
φ = Φ−
√
4QFstatic (2)
in which Fstatic = qEstatic, andQ = q2/ (16piε0) = 0.35999 eVnm. The parameter φ is referred
to as Shottkey reduced boundary condition, and it includes the charge image effect of the
metal on the potential energy outside the metal (the same well-known image theorem in
electromagnetism). Since we only discuss metallic photocathodes (with free electrons which
are indeed Fermions), Fermi-Dirac distribution is usually considered for electrons inside the
metal and the number density of electrons is given by [12]
ρ =
2
(2pi)3
˚
dk
1 + exp (βT (ε− µ)) , (3)
where k is electron momentum and is related to its energy (ε) by ε = ~2k2/2m. The param-
eter βT = 1/kBT is sometimes called the thermal slope factor, in which T is the temperature
in Kelvin unit and kB is Boltzmann’s constant. Equation (3) includes electrons with mo-
mentums in every direction, however we are only interested in electrons with momentums
normal to the metal surface. It is straight forward to show that integration of (3) over
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parallel momentums to the metal surface leads to [12]
f (ε) =
m
pi~2βT
ln {1 + exp [βT (µ− ε)]} (4)
which is called the supply function in electron emission theories. In fact, (4) is the number
density of electrons with momentums normal to the surface (f (ε⊥ = ~2k2⊥/2m)) , which we
dropped the subscript ⊥ for convenience throughout the rest of this paper. Figure 1 also
includes the supply function of gold with µ = 5.53 eV at T=273K.
The current density normal to the metal surface can be written as [12]
J = qρv =
2q
2pi
ˆ (
~k
m
)
f (ε)T (ε) dk
=
q
2pi~
∞ˆ
0
T (ε) f (ε) dε,
(5)
in which v = ~k/m is the speed of electrons, T (ε) is the probability of an electron passing
the barrier, and the factor of 2 in the numerator accounts for the spin.
In the event of a thermal emission, Richardson approximation is used, where Heaviside
step function is used for T (ε) as
T (ε) =
 10
ε > φ
ε < φ
. (6)
This leads to the well-known Richardson-Laue-Dushman equation for thermal emission
as [9]
JRLD = ARLDT
2exp (−βTφ) , (7)
where ARLD is a constant given by ARLD = qmk2B/ (2pi2~3) = 120.17 A/cm2 K2. Richard-
son approximation assumes only electrons with energies higher than the work function can
escape, and neglects the tunneling emission.
Note that in the absence of large applied static fields, for average laser illuminations, the
thermally-driven emission is usually not significant. For example, as calculations are done
in [9], for a laser intensity of 28MW/cm2, a field of 8MV/m, a Gaussian laser pulse with a
2.7 ns time constant, and a wavelength of 800 nm, the thermal current is calculated to be
3.8 % of the photoemission current for a coated tungsten surface with the work function of
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1.9 eV. Nonetheless, heating has a great impact on scattering rates and emission probability
of electrons, and is important to be included in models. Typically, temperatures above 1000
K are needed for considerable thermal emissions.
In the event of electric field emission, electrons do not have enough energy to travel over
the barrier. Instead, T (ε) in (5) should be obtained by finding the tunneling probability
of electrons through the barrier. In 1928, Fowler and Nordheim published their cold field
emission (CFE) paper, first based on a triangular potential barrier and then based on Shot-
tkey reduced barrier using JWKB approximation [13]. In 1956, Murphy and Good derived
the equation again [14], and in 2006 Forbes added a very useful analytical approximation to
obtain the standard FN equation as [15–17]
JFN =
aF 2static
Φq2t2
exp
(−νbqΦ1.5
Fstatic
)
(8)
where a = q3/ (8pih) and b = 8pi
√
2m/ (3qh) are first and second FN constants, respectively.
Both t and ν can be fount analytically using Forbe’s approximation as [18]
v =
(
1− y2)+ 1
3
y2ln (y) , (9)
t = 1 +
1
9
y2 (1− ln (y)) , (10)
both of which depend on Nordheim’s parameter as
y =
√
q2Fstatic
4piε0Φ2
. (11)
It is useful to compare the contribution of these emissions as a function of the applied
electric field and temperature, as shown in Fig. 2. JFN is plotted only as a function of the
applied static field since it is temperature independent.
In calculations of tunneling probability through a barrier, it is common to define a Gamow
factor, θ (ε) , so that T (ε) ∝ e−θ(ε). The Gamow factor carries the barrier shape information
and is defined as (WKB formulation)
θ (ε) = 2
x+ˆ
x−
√
2m
h2
(V (x)− ε)dx, (12)
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FIG. 2. a) FN emission (temperature independent), b) thermal emission (red lines indicate isocur-
rent curves starting from 0 with steps of -10A/cm2). In both calculations, gold’s Fermi level of
5.53 eV and work function of 5.1 eV were used.
where V (x±) = ε. In fact, θ (ε) is defined as the area under the curve of the potential barrier
(V (x)) between x− and x+. A known example of defining T (ε) based on the Gamow factor
is given by T (ε) = 1/
(
1 + eθ(ε)
)
[19]. There are two more parameters which are useful to
review before moving to the next section. The value of ε which maximizes the integrand in
(5) is of special importance and is usually specified by εm. The field slope function, βF, and
the slope factors ratio, n, are also defined as
βF = − ∂
∂ε
θ (ε = εm) , (13)
n = βT/βF. (14)
It is also important to know the limitation of using (8) which is due to the zero tem-
perature approximation of the supply function in finding the tunneling probability. This
approximation is valid for low, including room, temperatures as the tunneling probability is
dominated by the contribution of electrons around the chemical potential level.
So far we have reviewed thermal and field emissions separately. If the applied filed is
negligible or the temperature is low, one can use (7) or (8), respectively. However, often
these two physics are involved simultaneously which requires the use of the general thermal
field (GTF) emission theory (readers can find detailed discussions about GTF in [20]). Based
on GTF, we may consider three operating regimes for an electron emitter: thermal, field,
and the transition regime where both thermal and field emissions become comparable.
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In the next section, for engineering purposes and without going into equations deriv-
ings, we summarize the steps to estimate thermal/field electron emission when both the
temperature and the applied filed are known.
III. THE GENERAL THERMAL-FIELD EMISSION MODEL (WITH APPROXI-
MATION)
Several parameters of electric field emission such as scattering rates and electrons dis-
tribution are temperature dependent. Besides, electrons departure due to the electric field
emission may change the emitter’s temperature by extracting its energy. In fact, tempera-
ture is the key parameter which couples field and thermal emissions together in the general
thermal-field emission theory. Details of this theory is discussed in [20, 21], and is briefly
summarized in the appendix. Here, we use a critical approximations which simplifies the
formulation and provides an appropriate estimate of the thermal and field emitted electrons
from metallic photocathodes. The approximation is based on the assumption that emitted
electrons do not change the photocathode’s temperature. This is valid if either the photo-
cathode’s operating temperature is low, or quantum yield (QY) of the photocathode is small.
QY of a photocathode is the ratio of the emitted electrons to the penetrated photons (QY
differs from QE by a factor of photon’s reflectivity from the photocathode’s surface). Despite
the fact that metals reflectivity is very high, their QY is a small number because of their
very small QE (less than 1%). To be more specific, the highest experimental QE of metals
is about 0.22% and is produced by a laser excitation of 0.6mJ/cm2 and under a 50MV/m
static field. Assuming gold as the photocathode (with the permittivity of εr = −22 − 1.5i
at 785 nm), the reflection coefficient of an IR wave is around 98.62% at normal incidence.
Simple calculation shows that about 15% of penetrated photons are contributing to direct
electron emission. We simply disregard the cooling effect of these emitted electrons and
assume that penetrated photons are entirely absorbed by phonons in the metal, leading to
a temperature rise. Note that 0.6mJ/cm2 laser intensity is very high, and QE of usual
photocathodes is considerably smaller than 0.22%. Nonetheless, there is always the choice
of referring to the appendix to perform more accurate and more complex calculations.
In this low QY regime, total field-thermal emission contributions of a photocathode (or
any emitter) can be obtained using the following steps (with the aid of commercially available
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electromagnetic solvers):
1) The first step is to obtain the photocathode’s approximate temperature using electro-
magnetic and heat transfer calculations. The assumption here is that electron and lattice
temperatures are equal, and electron emission does not affect the temperature. A simple
method is to perform a full-wave electromagnetic simulation and find the absorbed laser
power by the photocathode. Then, the absorbed laser power can be considered as the heat
source in the heat transfer calculations. This can be done analytically, or by a simulation
solver along with the appropriate convection, conduction, or radiation boundaries. Either of
the calculations should provide us the temperature distribution on the photocathode. If the
computational power allows us, a better approach is to perform a coupled electromagnetic
and heat transfer simulation (e.g. using Multiphysics simulation is COMSOL). As a check
point, from the maximum temperature on the photocathode, we may validate the approxi-
mation (i.e., to confirm the temperature is not too high, e.g. >1000 K). We may consider the
maximum calculated temperature in the structure as the operating temperature, To. Note
that the maximum temperature obtained by this method is always larger than the actual
temperature since a fraction of the absorbed photons contribute to direct photoemission.
2) The second step is to determine the dominant operating regime of the photocathode,
which can be thermal, field, or the transition regime (where thermal and field contributions
are comparable). After finding Shottkey reduced work function (φ), and Fowler parameter
(y), thermal coefficients
Bq =
pi
~
φ
√
2m
(
Q
F 3static
)1/4
; Cq = −Bq
φ
, (15)
and Fowler-Nordheim coefficients
CFN = − 2~F
√
2mΦt (y) ; BFN =
4
3~F
√
2mΦ3v (y) , (16)
Cn = −3BFN + (2CFN + Cq)φ
φ2
; Dn =
2BFN + (CFN + Cq)φ
φ3
(17)
should be found, in which Forbes approximation are applicable to find v and t as given by
(9) and (10). Then, the two threshold temperatures Tmin and Tmax
Tmin = − 1
kBCFN
; Tmax = − 1
kBCq
(18)
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determine the operating regime of the photocathode. Thermal and field regimes are identified
by To > Tmax and To < Tmin, respectively. The transition regime is identified by Tmin < To <
Tmax. Detailed explanations regarding these regimes and how the formulations are derived
are explained in [21].
4) The total current due to the thermal-field emission can be obtained from [12]
JGTF = ARLD (kBβT)
−2N (n, s) , (19)
N (n, s) = sng + sne
−ns + n2sde−s. (20)
sd = −n−2
(
0.10593434n−2 + 0.35506593
)− 1, (21)
sn = −n2
(
0.10593434n2 + 0.35506593
)− 1, (22)
sng =
 −2 [e
−ns − n4e−s] [n2 − 1]−1
e−s [24s3 (s+ 4)− z3 (s4 − 24) + 4sz2 (s3 + 24)− 12s2z (s2 − 12)] [12s2 (2s+ z)]−1
|z| > 0.1
|z| < 0.1
,
(23)
where z = s (n− 1) , and parameters n and s depend on the operating regime (identified by
To), and are given in Table I.
Table 1: s and n for different operating regimes.
s n
Thermal (n < 1) Bq φβT/Bq
Field (n > 1) BFN −βT/CFN
Transition n = 1 Eq. ((24)) 1
In Table I, for the transition regime (n = 1),
s = BFN − Cn (εm − µ)2 − 2Dn (εm − µ)3 , (24)
εm = µ− Cn
3Dn
+ 0.5
√(
2Cn
3Dn
)2
− 4βT + CFN
3Dn
. (25)
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FIG. 3. a) JGTF as a function of the temperature and the applied field (red lines indicate isocurrent
curves starting from 5A/cm2 with steps of -5A/cm2), b) comparison among JFN, JRLD, and JGTF
at T=800K. In all calculations, gold’s Fermi level of 5.53 eV and work function of 5.1 eV were used.
Before adding the photo-emitted contribution, it is useful to compare different regimes
as a function of the applied static field and the temperature. Figure 3 shows JGTF of a
gold cathode. By comparing JGTF, JFN, and JRLD in Fig. 3(b), we can distinguish different
operating regimes. The transition regime is where 0.5 V
nm
< Fstatic < 2
V
nm
.
IV. PHOTOEMISSION BY SHORT WAVELENGTH LASERS
One of the most known models of photoemission is the three step model of Spicer and
Perrera-Gomez, developed in 1958 (a review of this model is given in the appendix) [22].
The three steps in this model are a) optical absorption by the material, b) electron transport
inside the material, and c) electron emission (escape) from the material surface. These three
steps can be seen in Fowler-Dubridge equation as
Jλ = Iλ
( q
~ω
)
(1−R) fλP, (26)
in which R is the reflection from the photocathode surface, fλ is the probability of an excited
electron to reach the surface without experiencing any collision, and P is the probability of
emission from the metal surface.
Having proper electromagnetic model of the photocathode’s material (e.g. permittivity
model), it is fairly easy to calculate the photocathode reflectivity (which leads to the photon
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absorption). In a one dimensional geometry with normal laser incidence, reflectivity can be
found from
R =
∣∣∣∣1−√r1 +√r
∣∣∣∣ , (27)
where r is the relative permittivity of the metal at λ. A more general equation for the
reflectivity under oblique incidence is given in the appendix. For complex geometries, nu-
merical Maxwell equation solvers can easily calculate the reflectivity or the absorption of
the photocathode.
The second step is electrons travel to the surface, which usually initiates by an ap-
plied static field drifting electrons to the surface. On their path, these electrons experience
electron-electron and electron-phonon scatterings, as well as change of momentum direc-
tions. In most photoemission models, the assumption is that a single collision extracts most
of the electron’s energy and prevents it from contributing to direct photoemission. Often,
the scattering rate is replaced by the mean free path of an electron, which is the collision-free
travel range of an electron in the metal. In metals, electron-electron scattering is dominant
and electrons mean free path can be obtained from [23]
λe−e =
2λmε
3/2
m
~ω
√
φ
(
1 +
√
φ
~ω
) , (28)
where λm and εm are experimentally measured energy and mean free path values which are
available in [23]. δ is the skin depth which depends on the imaginary part of the permittivity,
k, as δ = λ
4pik
. Then,
fλ =
∞ˆ
0
1
δ
e−x(1/δ+1/λe−e)dx =
(
1 +
δ (ω)
λe−e (ω)
)−1
(29)
A more accurate equation for fλ is to use (67) in the appendix, however a good approxi-
mation, which we will use throughout this paper is
fλ = 0.5G
(
δm
~kvτ
)
, (30)
G (x) =

1− 2cos−1(1/x)
pisin(cos−1(1/x)) x > 1
1− 1
pi
cot (cos−1 (x)) ln
[
1+sin(cos−1(x))
1−sin(cos−1(x))
]
x < 1
, (31)
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tin which ~kv =
√
2m (µ+ φ), τ is the scattering rate (its value for gold at 537 K is 11.85
fs), and δ is the skin depth.
The third step is the emission of electrons from the metal surface. The important ef-
fects in this step are Schottky effect, the abrupt change in the electron angle across the
metal-vacuum transition, and the scattering (reflection) from the surface. In many models
including Fowler-Dubridge model, quantum effects such as tunneling and multiphoton ab-
sorption are neglected, and only electron transport over the potential barrier is considered.
This is sometimes called the thermionic approximation, and it should not be confused with
the emission due to the thermal effect. Based on Fowler-Dubridge mode, excited electrons
can emit only if their energy is higher than the work function. Therefore, the probability of
electron emission at the surface is
P =
´∞
µ+φ−~ω f (E) dE´∞
0
f (E) dE
. (32)
Considering Fermi-Dirac distribution for electrons leads to
P =
U
[
1
kBT
(~ω − φ)
]
U
(
1
kBT
µ
) , (33)
where U is the Fowler function defined as
U (x) =
xˆ
−∞
ln (1 + ey) dy. (34)
There are several approximations for (34) such as [8]
U (x) =
 e
x (1− 0.17753e0.72843x)
x2
2
+ pi
2
6
− e−x (1− 0.17753e−0.72843x)
x < 0
x > 0
. (35)
There are also several approximations reported for (33) such as the simple approximation
[23]
P =
(µ+ ~ω)
2~ω
[
1 +
µ+ φ
µ+ ~ω
− 2
√
µ+ φ
µ+ ~ω
]
, (36)
and the more accurate equation [24]
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P =
{
3 (~ω − φ)2 + β2pi2 [1 + n2]
6~ω (2µ− ~ω)
}
, (37)
in which
n =
1
pikBT
√
~2
2m
(
F 3static
Q
)1/4
. (38)
A crucial point in all of these equations is the assumption that ~ω is larger than φ, which
is true in most photocathode designs (e.g. UV photocathodes). However, (33) does not
apply to long wavelength photocathodes (e.g. IR) where there are potential applications as
discussed in the introduction.
Note that Jλ is the emission by direct photo-excitation, and is different from the emission
stimulated by the laser heating. For example, as calculated in [9], for a laser intensity of
28MW/cm2 with a Gaussian pulse with 2.7 ns time constant and a wavelength of 800 nm,
along with a static field of 8MV/m at room temperature, the thermal illumination-induced
current is 3.8% of the total photoemission current for a coated tungsten surface with work
function of 1.9 eV.
V. PHOTOEMISSION BY LONG WAVELENGTH LASERS
The three step model (i.e. using (26)) applies to photoemission by long wavelength
lasers as well. However, since excited electrons do not have enough energy to overpass the
barrier, (32) needs to be generalized to include tunneling through the barrier. In general,
P as the emission probability of an electron (consecutive to a photon absorption) at the
photocathode’s surface can be written as
P =
´∞
0
T (ε+ ~ω) f (ε) dε´∞
0
f (ε) dε
. (39)
Equation (39) can be decomposed into the transmission over the barrier (i.e. E+~ω > µ+φ)
and tunneling through the barrier as
P = Pover + Ptunnel, (40)
Pover =
´∞
µ+φ−~ω T (ε+ ~ω) f (ε) dε´∞
0
f (ε) dε
(41)
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Ptunnel =
´ µ+φ−~ω
0
T (ε+ ~ω) f (ε) dε´∞
0
f (ε) dε
. (42)
An acceptable approximation for (41) is to use the step function as T (E + ~ω), as in
Fowler-Dubridge model, which leads to (32) and (33). More accurate expressions can be
found quantum mechanically which provides a negligible improvement.
For electrons with energies such that E + ~ω < µ + φ, the transmission function can be
found using the Gamow factor technique. However, similar to Fowler-Nordheim formulation,
we may use zero temperature approximation for f (E) and adjust the upper integral limit
as (µ+ φ− ~ω) → µ (because there is no electron above µ, and electrons near µ have the
highest probability of tunneling). Then, considering the numerator of (42) and (4), it is
straightforward to show that
µˆ
0
T (ε+ ~ω) f (ε) dε =
2pi~
q
JFN (Φ→ Φ− ~ω) (43)
in which JFN (Φ→ Φ− ~ω) is (8) after the replacement Φ → Φ − ~ω. Therefore, the final
expression for P is
P =
´∞
µ+φ−~ω f (ε) dε+
2pi~
q
JFN (Φ→ Φ− ~ω)´∞
0
f (ε) dε
(44)
Equation (44) can be organized as
P =
U [βT (~ω − φ)]
U (βTµ)
Θ (~ω − φ) + pi~
2β2TF
2
static
qm (Φ− ~ω) 4t2U (βTµ)exp
[
−ν8pi√2m (Φ− ~ω)1.5
3hF
]
,
(45)
where Θ is the Heaviside step function, and indicates that the first term should be applied
only if ~ω > φ. Equation (45), as the generalized photoemission probability, enables us to
estimate the photoemission contribution when the illuminating laser has a photon energy
lower than the lowered work function of the cathode. Figure 4(a) shows (44) as a function
of the applied field for a gold photocathode at λ = 785nm and T=273 K. The photoemitted
current, Jλ, as a function of the laser wavelength and the applied field is shown in Figure
4(b). The laser intensity is assumed to be 5W/cm2.
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FIG. 4. a) Equation (44) as a function of the temperature and the applied field, b) Jλ at T=273K
(red lines indicate isocurrent curves starting from 0 with the separation of -10A/cm2)). In all
calculations, gold’s Fermi level of 5.53 eV and work function of 5.1 eV were used.
VI. PHOTOEMISSION BY RESONANT PHOTOCATHODES
If resonance effect is included in the photocathode design, it can impact/improve all
three steps of the photoemission process. An example of such photocathodes are metallic IR
photocathodes with plasmonic resonant field enhancement [25]. It is common to approach
resonant effects with their quality factor, Q. However, for our purpose, it is more conveient
to consider their equivalent electric field enhancement factor which is defined as the ratio of
the electric field on the cavity surface (Fcavity) to the incident electric field (Flaser)
αenhance =
Fcavity
Flaser
=
Fcavity
q
√
240piIλ
. (46)
Note that Fcavity for metals is normal to the cavity surface, and it’s value can be related to Q
as discussed in [26, 27]. Typical values of αenhance are in the range 10 ∼ 100 for noble metals
at IR wavelengths. Since the electric field on the cavity surface is enhanced by αenhance, it is
a good approximation to assume that penetrated photons inside the cavity are enhanced by
a factor of α2enhance. The resonance effect also changes the scattering rate inside the cavity,
and the assumptions for obtaining (30) is no longer valid (e.g. there is not a plane wave
traveling inside the metal anymore). However, extracting a new fλ for different cavity shapes
is beyond the scope of this paper, and we keep using (30) as an approximation. Moreover,
if αenhanceFlaser becomes comparable with the applied static field, it can contribute in the
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barrier reduction and the replacement F → (Fstatic + Fcavity) should be made in (2) leading
to
φcavity == Φ−
√
4Q
(
Fstatic + αenhanceq
√
240piIλ
)
, (47)
where Fstatic is the applied static field to the photocathode. The final photoemission equation
is then
Jλ = Iλ
( q
~ω
)
α2enhancefλPcavity, (48)
where
Pcavity =
U [βT (~ω − φcavity)]
U (βTµ)
Θ (~ω − φcavity) +
βT
U (βTµ)
(
Fstatic + αenhanceq
√
240piIλ
)2
(Φ− ~ω) 8pit2 exp
[
−ν8pi√2m (Φ− ~ω)1.5
3h
(
Fstatic + αenhanceq
√
240piIλ
)] ,
(49)
At last, adding the thermal-field emission to the photoemission gives the total current of
the photocathode as
J = JGTF + Jλ. (50)
Figure 5 shows the photo-emitted current component, Jλ, and the total current, Jλ+JGTF,
as a function of the irradiance power and the applied field. The optical enhancement factor of
20 is assumed for the photocathode, the wavelength is fixed at 785 nm, and gold parameters
are used for the photocathode. Four important regions of the total current are specified
in Fig. 6. The blue region is where both field emission and photoemission currents are
negligible, and only thermal emission at 273 K (a small number) exists. In the red region,
field emission is dominant and changing the laser intensity does not have much effect on
the total current. Inversely, in the gray region, photoemission current dominates the total
current and the applied static field does not have a comparable effect. The green region
is where both field emission and photoemission are comparable, and is useful for designing
microelectronic devices with both voltage and optical controls. This region is identified by
0.2 < Fstatic[
V
nm
] < 2 and Iλ < 100 MWcm2 for gold photocathode at λ = 785 nm, and can be
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FIG. 5. a) Jλ and b) Jλ+JGTF of a resonant photocathode with αenhance = 20 at T=273K (red lines
indicate isocurrent curves starting from 0 with the separation of -10A/cm2)). In all calculations,
gold’s Fermi level of 5.53 eV and work function of 5.1 eV were used.
FIG. 6. Different emission regions of the total current (explanation in the text). Parameters are
the same as Fig. 5.
obtained for different materials in a similar fashion. As the final note on this section, a very
useful list of experimental parameters for different metals are given in Table I of [9].
VII. EXAMPLE
Figure 7(a) shows the unit cell of the IR photocathode studied in [6], experimentally.
The photocathode is fabricated using gold on Si substrate with a 200 nm SiO2 in between
as isolation. The surface area of the photocathode is around 450 µm (22 by 22 unit cells
with the area of about 1 by 1 micron), and the minimum gap size is 100 nm. As reported in
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(a) (b)
FIG. 7. a) unit cell of the resonant photocathode (array of 12 by 12 elements), b) simulated static
electric field enhancement of the photocathode. The smallest gap size is 100 nm, and the metal is
gold (see [6, 32]).
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FIG. 8. Total current (Jλ + JGTF) of the photocathode at T=550 K with the optical and static
enhancement factors of 37.2 and 9, respectively. Red lines indicate isocurrent curves starting from
10 with steps of -5A/cm2. Gold’s Fermi level of 5.53 eV and work function of 5.1 eV were used.
[6], full wave simulated (using COMSOL) and measured optical electric field enhancement
of the photocathode were 12 and 37, respectively. The factor of 3 difference was due to
the surface roughness of the fabricated device, which was not considered in the simulations.
Solving Poisson’s equation on the same unit cell in COMSOL leads to the static electric
field enhancement of 2.5 ∼ 3, as Fig. 7(b) shows. Using the additional factor of 3 due the
surface roughness, we perform our calculations with the static electric filed enhancement
of 9. Figure 8 shows the total current emission of the photocathode as a function of the
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FIG. 9. Total current (Jλ + JGTF) of the resonant photocathode at T=550 K with the optical
and static enhancement factors of 300 and 10, respectively. Gold’s Fermi level of 5.53 eV and work
function of 5.1 eV were used.
applied static field and the laser intensity. The wavelength is 875 nm, the temperature is
assumed to be 550 K (which seems to be a reasonable guess). Complex permittivity values of
Si = 13.734− 0.054952i and SiO2 = 2.1502− 0i were used for silicon and SiO2, respectively
[28].
Comparing the the experimental values reported in [6] with Fig. 8, either a higher field
enhancement factor (for the static or the laser field) should be considered, or the thermal
effect is considerable. Note that our suggested theory for long wavelength photoemission,
including (49), was based on a low temperature assumption. The approximations in our
formulations may not be valid if the laser intensity can change the photocathode temperature
considerably. With the available experimental data reported in [6], we cannot confirm if the
temperature of the photocathode rises significantly. But, plasmoinc resonance effects are
claimed to be capable of providing laser field enhancements on the order of 1000 [29]. An
important conclusion can be made if draw Fig. 8 on a linear scale, as shown in Fig. 9
(note that field enhancements are changed to 10 and 1000 for the static and laser fields,
respectively). Figure 8 shows that, above a certain threshold, simultaneous application of
both laser and static fields can cause significant electron emission. In contrast, neither static
nor optical field alone generates nearly as much current as both fields combined. This result
is also consistent with the results in [30] which are based on the analytical solution for
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Schrodinger equation with a triangular work function [31]. The analytical solution in [31]
is general and considers the multiphoton absorption/emission effect. However, the results
in this paper are only based on single photon absorption, hence their accuracy becomes
questionable at strong laser fields (intensities above 1e10 (W/cm2). Note that the results
in [31] unnecessarily disregards the charge image effect (Schottkey effect) in most of the
generated results (which is significant for the applied static field range). Moreover, the
solution in [31] only assumes electrons at the Fermi level while the results in this paper
includes the supply function of the metal.
VIII. CONCLUSION
Electron emission theories were reviewed and a formulation was extracted for the electron
emission by photocathodes under exposure of long wavelength lasers. With the summarized
formulations in this paper, an optimal range for the applied static field and laser illumi-
nation was obtained for gold photocathodes so that both Jλ and JF are comparable. This
condition is needed for the design of nano-electronic devices with both optical and voltage
controls. The effect of optical resonance was also shown to be significant in the performance
of photocathodes. This can include generation of electron beams with strong correlation
with the incoming photons.
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X. APPENDIX
A. The three step model of Spicer and Perrera-Gomez [22]
The three steps of the model are a) optical absorption by the material, b) electron trans-
port inside the material, and c) electron emission (escape) from the material surface. The
laser intensity inside the material can be written as
S (x, λ) = S0 (1−R) e−αx (51)
where S0 is the incident laser intensity, R is the reflection from the material surface
which depends on the wavelength, α is the laser attenuation inside the material both due to
absorption by electrons and phonons, and x is the 1D coordinate with the material boundary
at x = 0. Note that both R and α are wavelength dependent.
The light absorption is the rate of the light intensity decrease as
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dS (x, λ) = αS0 (1−R) e−αxdx. (52)
Consider a slab between x and x+ dx. Only a portion of the absorbed photons in this slab
can lead to electron liberation from the material surface. The contribution of these photons
into the emitted current can be written as
di (x) = Poα (λ, x, dx)PT (λ, x)PE (λ) (53)
where Poα is the probability of exciting electrons above the vacuum level (VL) by photons
absorbed in the slab between x and x+dx, PT is the probability that electrons will reach
the surface without losing their sufficient energy, and PE is the probability of escape from
the surface. Let us define αPE as the probability of exciting an electron above the VL by a
photon so that
Poα (x, dx) = αPEIxdx = αPEI0 (1−R) e−αxdx, (54)
and define the escape length, L, so that
PT = exp
(
−x
L
)
. (55)
Then, (53) can be written as
di (x) = αPEI0 (1−R) e−αxe−x/LPEdx. (56)
This gives us QE as
QE =
1
I0
∞ˆ
0
di (x) dx = (1−R) e−αx αPEPE
α + 1/L
. (57)
It is usual to define an absorption length as lα = 1/α and re-write 57 as
QE = (1−R) e−αx
αPE
α
PE
1 + lα/L
. (58)
Parameters L, PE, and αPE are measured experimentally and reported for different photo-
cathodes. Also, from Maxwell’s equations, R and α can be calculated knowing the permit-
tivity of the photocathode material.
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The ratio αPE/α is the fraction of electrons excited above the VL. This ratio is maximized
by lowering the vacuum level to be close to the conduction band minimum (CBM). This ratio
for effective emitters is usually between 0.1 and 1. Emitters with negative electron affinity
have this ratio at around unity. The negative affinity cathodes were the first “significantly
engineered” photocathodes introduced in 1965. The parameter αPE usually increases with
the photon energy.
By examining the ratio la/L, it is clear that faster absorption of the light leads to a higher
QE. In other words, high energy photons are disadvantageous in this regard since they can
travel far into the metal. The parameter PE is usually less than 0.1 for metals, and it usually
increases monolithically with the incident photon energy.
B. The general field-thermal model with temperature coupling (short wavelength)
This section is a summary of the model presented in [21], which is the most compre-
hensive field-thermal emission model so far. This model calculates the electron and lattice
temperatures using coupled differential equations which relates temperature to the laser
power. Then, using thermal conductivity and optical parameters of materials, scattering
and reflection of electrons and photons are calculated. The key point in this model is to find
temperatures of electrons and lattice due to laser illumination. The following steps should
be considered based on this model:
1) Find the absorbed laser power from
G (z, t) = Iλ (t) (1−R) e
−z/δ
δ
{1− P (~ω)} (59)
in which R is the reflection from the material and δ = λ
4pik
is the skin depth (note that
n + ik is known for the emitter material). For a two dimensional material, this parameter
can be extracted from Snell’s law (for parallel and transverse polarizations), leading to
R = 0.5 (Rs +Rp) , (60)
Rs =
a2 + b2 − 2acosθ + cos2θ
a2 + b2 + 2acosθ + cos2θ
, (61)
Rp = Rs
a2 + b2 − 2asinθtanθ + sin2θtan2θ
a2 + b2 + 2asinθtanθ + sin2θtan2θ
, (62)
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2a2 =
[(
n2 − k2 − sin2θ)2 + (2nk)2]0.5 + (n2 − k2 − sin2θ) , (63)
2b2 =
[(
n2 − k2 − sin2θ)2 + (2nk)2]0.5 − (n2 − k2 − sin2θ) . (64)
θ is the incidence angle.
2) Find electron and lattice specific heat parameters as
Ce (Te) =
γTe
1 + 7/40 (pi/βeµ)
2 (65)
Ci (Ti) =
3NkB
1 + 1/20 (TD/Ti)
2 (66)
where βe = 1/kBTe, and N (#/cm3) is the number density of the crystal. Deby temper-
ature and γ are given in table I of [21].
3) Find the scattering factor fλ which accounts for the probability of an electron traveling
to the surface of a metal, without scattering, with a kinetic energy component normal to
the surface, sufficient for emission. The scattering factor can be found from
fλ = 0.5G (z0) + 0.5z0G
′ (z0)
[
3kvP − (kF − ko)2 (2kF + k0)
3 (2kF + k0) (kF − k0)2
]
(67)
P = 0.5
(
k2λ + 2k
2
F
)
ln
(
kF + ku
k0 + kv
)
− 0.5 (kFku − k0kv) (68)
z0 =
δm
~kvτ
(69)
(~ku)2 = 2m (µ+ ~ω) (70)
(~kv)2 = 2m (µ+ φ) (71)
(~k0)2 = 2m (µ+ φ− ~ω) (72)
(~kF)2 = 2mµ (73)
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G (x) = 1− 2arccos (1/x)
pisin (arccos (1/x))
(74)
Note that τ is temperature dependent. Also, a good approximation is
fλ = 0.5G (z0) (75)
4- Find thermal conductivity
κ (Te, Ti) =
2µ
3m
τ (Te, Ti)Ce (Te) (76)
where τ is the relaxation time as
1
τ
=
1
τee (Te)
+
1
τep (Ti)
(77)
τee (Te) =
~µ
A0
(
1
kBTe
)2
=
Aee
T 2e
(78)
τep (Ti) =
~
2piλ0
(
1
kBTi
)
=
Bep
Ti
(79)
Parameters λ0 and A0 should be extracted from Fig. 4 of [21]
5- Use the obtained λ0 to find the g parameter as
g =
piλ0
9~
kBk
3
Fmν
2
s (80)
which governs the transfer of energy from electron to the lattice.
Note that at steady state, Te = Ti. For pulse widths longer than nanoseconds, since the
scattering rates are much smaller, this steady state approximation is valid and we may use
Te (z) = T0 + (Te − T0) exp
(
− zm
n~kFτ
)
(81)
where the factor n is on the order of the square root of the ratio of the pulse time to the
scattering time: n = (1ns/0.1ps)0.5 .
6- Find the temperature distribution by solving coupled differential equations [33, 34]
Ce (Te)
∂
∂t
Te =
∂
∂z
[
κ (Te, Ti)
∂
∂z
Te
]
− g × (Te − Ti) +G (z, t) (82)
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Ci (Ti)
∂
∂t
Ti = g × (Te − Ti) (83)
Note that the surface is located at z=0 and negative z indicates inside of the metal.
Solution of the above coupled differential equations also provides the required parameters
for calculating QE accurately (considering the heat effect).
As a final point, note that electrons can be excited to energies above the potential barrier
inside the metal. However, a static field is always needed to bring them to the surface. This
cannot be done by the laser electric field because of its small penetration depth, and it’s
small wavelength inside the metal (which only can cause electrons oscillations, with zero net
displacement).
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